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Abstract. Carbon nanotubes (CNTs) and ferrites nanoparticles (NPs) have attracted extensive 
research interest owing to their potential applications in energy conversion and storage devices. 
In this work, ferrite NPs are prepared by solvothermal method. The NPs’ surface is then 
modified with nitrosonium tetraflouroborate (NOBF4) enabling to interact electrostatically with 
the COOH functionalised CNTs in phenol to form printing ink solution. The suspension is 
covered on ITO substrate by 3D printing method followed by cooling down to around 2 
o
C to 
form porous (3D) CNTs-ferrites hybrid electrodes. The surface property of ferrite NPs and 
CNTs was investigated by zeta potential and FTIR measurements. The specific capacitance of 
the obtained CNTs-ferrite NPs hybrid material was calculated to be 10 F/g from CV 
measurement. 
Keywords: electrode, porous, hybrid nanomaterials, supercapacitor. 
Classification numbers: 2.4.2; 2.8.2; 2.10.2. 
1. INTRODUCTION 
Recently, energy storage and conversion devices (batteries, fuel cells, and supercapacitors) 
have been widely studied and used in various technology applications (computers, portable 
electronic devices, household and industrial electrical storage systems and electrical 
transportation vehicles). Among these devices, supercapacitors (SCs) are attracting special 
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attention of researchers in the world because of its superior properties such as longer life cycles, 
faster charge/discharge capability and higher power density than conventional batteries [1,2]. 
According to the energy storing principles, supercapacitors can be divided into two types 
including electric double layer capacitors (EDLCs) and pseudocapacitors (PCs) [3-5]. SCs can 
be considered as an intermediate storage model between battery (low power / high energy) and 
capacitor (high power / low energy). However, in order to widely apply the SCs in the practical 
use, it is required to develop high energy density SCs that can reach the current batteries, while 
still remain their advanced properties. 
In order to increase energy density of SCs, the most popular method is increasing 
capacitance of electrode materials. Up to now, carbon based materials (activated carbon, CNTs 
and graphene) have been most widely studied and used as electrode materials for EDLCs 
because of its large surface area, chemical stability and high conductivity, whereas the oxide, 
ferrite or hydroxide materials of transition metals such as Ru, Co, Mn, Ni or conducting 
polymers are also extensively studied to fabricate electrodes for SCs thanks to their high charge 
capacitance and rapid surface redox reactions [6-11]. These materials have main drawback of 
low conductivity (for oxides, ferrites, hydroxides), chemically unstable (for conductive 
polymers) or the easy re-stack (for graphene). Therefore, in attempt to improve the 
disadvantages of the above materials, researches about hybrid materials based on the 
combination of carbon based materials (CNTs, graphene) and metal oxides to improve the 
performance of SCs are one of the new trends nowadays [12-17]. In our previous work, we 
reported on the development of a 3D printer and used it for the preparation of CNTs-ferrite NPs 
hybrid supercapacitor electrodes [18]. However, surface properties of the individual, such as 
surface charge or functional group have yet to be investigated. 
In the current study, we present our results on the preparation of porous CNTs-ferrite 
hybrid materials as electrodes for supercapacitors by using room-temperature freeze gelation 
method (RTFG). The materials were investigated by various techniques, including FTIR, zeta 
potential, BET and Cyclic voltammetry (CV)  measurements. 
2. MATERIALS AND METHODS 
2.1. Chemicals 
Cobalt (II) acetylacetonate 99.9 % (Co(acac)2), iron (III) acetylacetonate 99.9 % 
(Fe(acac)3), oleic acid (OA) technical grade, oleylamine (OLA) 70 %, octadecanol (OCD-ol), 
octadecene, polyvinyl alcohol (PVA), nitrosonium tetraflouroborate (NOBF4), phenol, hexane, 
ethanol, chloroform, dimethylformamide (DMF), tetraethylammonium tetrafluoroborate 
(TEABF4) were ordered from Sigma-Aldrich-Singapore. Acetonitrile was received from Xilong 
Scientific - China. All the chemicals were used as received without further purification. 
2.2. Electrode fabrication 
2.2.1. Synthesis of cobalt ferrite NPs 
In a typical synthesis, Co(acac)2 (2.16 g, 8.4 mmol) and Fe(acac)3 (6.0 g, 16.9 mmol) OCD-
ol (10.8 g, 40 mmol) were added into a 100 mL three necked round bottom flask in the presence 
of a mixture of equimolar OA and OLA at a total concentration of 420 mM (8.4 mL, for each). 
The volume of octadecene solvent used was 40 mL. The reaction mixture was degassed at room 
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temperature for at least 30 min and then heated to 100 
o
C and kept at this temperature for 
another 30 min before increasing the temperature to 295 
o
C (heating rate of 5-7 
o
C.min
-1
) under 
continuous nitrogen flow. As-synthesized NPs were purified by precipitation with the addition of 
ethanol, and the precipitated NPs were re-dispersed in hexane to form stable colloidal 
dispersions with concentrations of 1-10 mg/mL. Then the surfactant in the surface of NPs was 
replaced by nitrosonium tetrafluoroborate by ligand exchange reaction [18]. 
2.2.2. Functionalization of CNTs 
CNTs (synthesized using chemical vapor deposition by Laboratory of Carbon 
Nanomaterials)
 
[19] were functionalized with COOH group. Typically, 100 mg of CNTs was 
added in 200 ml mixture of HNO3 and H2SO4 in volume ratio of 1:3. The suspension was stirred 
at 70 
o
C, 500 rpm for 5 h by a magnetic stirrer. CNTs-COOH in powder, which was obtained by 
filtration using 200 nm pore polytetrafluoroethylene (PTFE) membrane, was then dispersed in 
distilled water for mixing with NPs later. 
2.2.3. Fabrication of the porous CNT/ NPs hybrid nanostructure 
The CNTs – CoFe2O4 NPs aerogel was fabricated using freeze gelation method [20]. In a 
typical synthesis, 38 mg powder mixture of CNTs-COOH and CoFe2O4 NPs with mNPs/mCNTs =  
2 % or 4 % and 2 mg of poly (vinyl alcohol) (PVA) were mixed in 2 mL of phenol in liquid 
form at 60 
o
C for 30 minutes. The suspension was covered on ITO substrate by 3D printing 
method to form an electrode which was then cooled down to around 2 
o
C to solidify the solution. 
The electrode was then taken out and stored at room condition. Aerogel film on ITO substrate 
was obtained after the sublimation process of phenol was completed. Aerogel made from 
mixture of CoFe2O4 NPs and CNTs with weight ratio of 2 % and 4 % are called CNTCF2 and 
CNTCF4, respectively. 
2.3. Measurement tools 
Fourier transform infrared spectrum (FTIR) of CNTs-COOH was performed using Nicolet 
iS50 FTIR, Thermo Scientific. The zeta potential of CNTs-COOH and CoFe2O4 NPs in water 
was recorded using Zetasizer (Malvern) [21]. 
A S-4800 SEM system was used to investigate the surface morphology and BET was used 
to determine special surface of the porous CNTs-NPs hybrid. 
Electrochemical impedance spectroscopy (EIS) was performed to study the electrode at a 
frequency ranging from 10 mHz to 1 GHz, with a potential amplitude of 10 mV, using a 
standard three – electrode cell. The counter electrode was a platinum foil and the reference 
electrode was standard silver - silver chloride electrode in saturated KCl.  
The electrolyte was composed of 0.1 M tetraethylammonium tetrafluoroborate (TEABF4) 
in acetonitrile (Xilong Scientific). Cyclic voltammetry (CV) was conducted to investigate the 
electrochemical properties of the as – prepared electrodes. The potential range of CV test is set 
at -0.5 V to 1 V at different scan rates. 
3. RESULTS AND DISCUSSION 
3.1. Material characterization 
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A schematic of the preparation of CNTs-ferrite aerogel electrode for SCs is illustrated in 
Fig. 1. SEM images of the individuals and CNTs-ferrite hybrid electrode are shown in Fig. 2. 
Fig. 2a and b are the SEM images of CNTs-COOH and CoFe2O4 NPs. It can be seen that CNTs-
COOH have long tube shape with good conductivity, which was concluded from clear image 
while CoFe2O4 NPs have sphere shape with the diameter of about 10 nm. SEM images of CNTs-
ferrite hybrid material obtained at different magnification (Fig. 2c,d) indicate that several micro-
size holes were created. This can be explained by the fact that the random dispersion of the 
solute during the solidification of the phenol as the solvent leads to the distribution of solvent 
rich regions and CNTs-ferrite rich regions.  
Figure 1. Schematic of the RTFG process. 
 
Figure 2. SEM images of CNTs-COOH (a); CoFe2O4 (b)       Figure 3. Zeta potential of CNTs-COOH (a)        
porous CNTs-ferrite hybrid structures (c,d).                              and NOBF4 modified CoFe2O4 NPs (b). 
Thus, when the phenol is sublimated, it leaves relatively large voids surrounding CNTs-
ferrite that form porous microstructural holes and CNTs-ferrite walls. It is envident that the 
choice of solvent affects the microporous structure forming during initial solidification. 
BET measurement was used to determine the mean specific surface area of the porous 
CNTs-NPs. The results show that CNTs-NPs samples have specific surface areas of 
approximately 114 and 85 m
2
.g
-1
 corresponding to CNTCF2 and CNTCF4. These low surface 
a b 
c d 
a 
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area values can be explained by poor dispersion of CNTs-COOH and ferrite NPs in phenol 
leading to their aggregation. 
In the current study, the conjugation between CNTs-COOH and NPs was conducted via 
electrostatic interaction. CNTs-COOH having negative charge (Fig. 3a) are attracted by 
positively charged CoFe2O4 NPs (Fig. 3b). The obtained zeta potentials of CNTs-COOH and 
CoFe2O4 NPs dispersion in water were -46.8 mV and 7.7 mV, respectively (Fig 3). These values 
agree with the fact that the CNTs-COOH are colloidal stable in water for months, whilst 
CoFe2O4 NPs are aggregated after few hours. This can be explained by the weak interactions 
between BF4
-
 groups on the surface of CoFe2O4 NPs. 
 
 Figure 4. FTIR spectrum of CNTs-COOH. 
The functionalized CNTs were characterized using FTIR to analyze functional group on 
CNTs wall. As shown in figure 3, CNTs was functionalized COOH group successfully. The 
wide peak at 3417 cm-1, the peak at 1632 cm
-1
 and the sharp peak at 1462 cm
-1
 indicate 
hydroxyl group, carbonyl groups and C=O of quinone groups, respectively [22]. In addition, the 
peak 2923 cm
-1
 and the couple peak at 2360 and 2341 cm
-1
 come from C-H groups and hydrogen 
bonding from oxygen containing groups, respectively [22]. 
3.2. Electrochemical measurements 
As can be seen in Fig. 5, ITO substrate itself had a reduction peak at -0.21 V vs Ag/AgCl in 
saturated KCl. However, when coating a layer of PVA on ITO, the current was almost zero from 
-0.5V to 1.5V vs Ag/AgCl due to the electrical non-conductivity of the PVA film on the surface 
of ITO. 
To study on the electrochemical property of the CNTs-CoFe2O4 hybrid electrode, EIS was 
conducted in a three-electrode mode at the frequency range of 10 mHz to 1 GHz. Fig. 6 shows 
the Nyquist impedance plots of CNTCF2 and CNTCF4 with the equivalent circuit of the ac 
impedance is inserted, respectively. The nearly straight line coming from the restricted diffusion 
of ions in electrolyte can be observed at low frequency. The high–frequency semicircle is 
explained by the model of a resistor in parallel with a capacitor with the overall contact 
impedance generated from the electrical connection between CNT-CoFe2O4, and the charge 
transfer at the contact interface between the electrode and the electrolyte. From Fig. 6, it can be 
seen that both the CNTCF2 and CNTCF4 have the large diameter of semicircle, which is related 
to the interfacial electron transfer resistance (Rct). As CoFe2O4 is poor electrical conductivity, a 
higher mass of CoFe2O4 causes the larger electronic resistance of CNTCF4 compared to 
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CNTCF2 electrode. This is in accordance to the EIS analysis. The CNTCF2 exhibits a smaller 
Rct of 119 Ω, indicating the optimal composition of CNT and CoFe2O4 NPs that lowers the inter 
– granular electronic resistance between electrode and the current collector. 
 
Figure 5. CV curves of PVA and ITO blank substrate. 
 
 
Figure 6. Nyquist impedance plots of CNTCF2 (a) and CNTCF4 (b). 
  
Figure 7. CV curves at different scan rates of CNTCF2 (a) and CNTCF4 (b). 
 
In order to determine the effect of CoFe2O4 NPs in the composite aerogel CNTCF2, two 
potential windows were considered at the scan rate 20 mV/s, as shown in Fig. 7. From -0.1 V to 
W W 
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0.5 V, energy is stored only by EDL effect and from -0.5 V to 1 V, beside EDL, energy is stored 
by redox reaction of CoFe2O4 NPs. Although in both cases, the CV curve shapes are rectangular, 
positive and negative current intensity are nearly equal, the contribution of CoFe2O4 NPs can be 
determined by calculating specific capacitance in different potential windows. The specific 
capacitance (Csp) can be calculated by the formula: 
 
where S is the area of the CV curve, m is the mass of the active material in working electrode, v 
is the scan rate and ∆V is the working potential window [23-26]. 
From Fig. 7a, the specific capacitance of CNTCF2 at scan rate 20 mV/s in the potential 
range from -0.1 V to 0.5 V and from -0.5 V to 1 V are 6.8 F/g and 10.0 F/g, respectively. The 
higher capacitance in wider potential range is due to the redox reaction of CoFe2O4 NPs which 
has a reduction peak at -0.47 V at scan rate 20 mV/s. In higher scan rate, the shape of CV curve 
changed to mango-shape and the specific capacitance reduced to 6. F/g and 3.8 F/g at scan rate 
50 mV/s and 100 mV/s, respectively. 
The increase of the amount of CoFe2O4 NPs in the composite aerogel was expected to rise 
the specific capacitance, however, the results were opposite. As demonstrated in Figure 7b, at 
the scan rate of 20 mV/s, in the potential range that only EDL effect contributes to the 
capacitance, the specific capacitance of CNTCF4 was 7.2 F/g, which is approximate 6.8 F/g - the 
specific capacitance of CNTCF2 in the same potential range. In addition, in the potential range 
from -0.5 V to 1 V, where the capacitance value was also impacted by the presence of CoFe2O4 
NPs, the specific capacitance of CNTCF4 was 9.8 F/g, which is again approximate 10.0 F/g – 
the specific capacitance of CNTCF2. The specific capacitance of CNTCF4 at scan rate 50 mV/s 
and 100 mV/s were 7.0 F/g and 3.6 F/g which are nearly equal to that of CNTCF2. 
From the electrochemical behavior of CNTCF2 and CNTCF4, we can conclude that the 
performance of CNTCF4 is lower than that of CNTCF2, however, further optimization about the 
amount of NPs inside composite need to be investigated. Although it is hard to compare the 
quality of electrode active material considering only its specific capacitance which is affected by 
several parameters including current collector, electrolyte, experiment design and sample 
preparation technique, the CNTCF2 and CNTCF4 specific capacitance (approximately 10.0 F/g) 
are still low. In order to increase the specific capacitance, the interaction between CNTs and NPs 
needs to be improved. 
4. CONCLUSIONS 
In conclusion, CNTs – CoFe2O4 NPs composite aerogel film for supercapacitor electrode 
has been fabricated successfully using a facile method. The fabricated aerogel has 3D structure 
with high porosity which provides pathway for ion to diffuse and improves electrochemical 
performance. The initial result on the specific capacitance of the obtained CNTs-CoFe2O4 NPs 
hybrid material was 10.0 F/g and showed a potential to have high stability. The interaction 
between CNTs and NPs needs to be improved to obtain higher performance electrode. Thus, the 
electrostatic force requires further investigation. 
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